We perform a comparative study on thermoelectric performance of antiperovskite oxides Ae3T tO and nitrides Ae3P nN (Ae = Ca, Sr, Ba; T t = Ge, Sn, Pb; P n = As, Sb, Bi) by means of firstprinciples calculation. As for the oxides with the cubic structure, Ca3GeO with a sizable band gap exhibits high thermoelectric performance at high temperatures, while Ba3PbO with Dirac cones without the gap is favorable at low temperatures. The latter high performance owes to high valley degeneracy including the multiple Dirac cones and the valleys near the Γ and R points. For the nitrides with the cubic structure, insulator with strong quasi-one-dimensionality exhibits high thermoelectric performance. We also find that the orthorhombic structural distortion sometimes sizably enhances thermoelectric performance, especially for Ba3GeO and Sr3AsN where the high valley degeneracy is realized in the P nma phase. Our calculation reveals that antioerpvskites offer a fertile playground of various kinds of characteristic electronic structure, which enhance the thermoelectric performance, and provides promising candidates of high-performance thermoelectric materials.
I. INTRODUCTION
Searching high-performance thermoelectric materials is a central issue in the study of themoelectrics. There are many promising compounds such as Bi 2 Te 3 1-3 , lead chalcogenides 4-7 , skutterudites [8] [9] [10] [11] [12] , clathrates 13 , and Na x CoO 2 14 . These high-performance materials have some characteristics in their crystal and/or electronic structures. For example, rattling motion of atoms is a key for low thermal conductivity in skutterudites and clathrates 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Band convergence studied in lead chalcogenides 25 is one of the most important and general concepts to enhance thermoelectric performance. Low-dimensionality [26] [27] [28] [29] is also an important concept for enhancing thermoelectric performance of many materials including layered materials, nanowires, and nanotubes [30] [31] [32] . It was pointed out that high thermoelectric performance of Na x CoO 2 originates from a puddingmold-shaped band structure 33 , where a large group velocity and a high density of states (DOS) can coexist. These studies show that investigating characteristic crystal and/or electronic structures often bring ones general and useful concepts for seeking high thermoelectric performance.
Antiperovskites, in which the positions of constituent elements in a famous perovskite structure are interchanged as shown in Fig. 1(a) , have attracted much attention from several aspects, such as superconductivity 34, 35 , giant negative thermal expansion 36, 37 , giant magnetoresistance 38 , magnetostriction 39 , and magnetocaloric effects 40 . Interestingly also, recent studies pointed out that some antiperovskite oxides and nitrides are candidates for three-dimensional massless Dirac electron systems [41] [42] [43] and topological crystalline insulators 44 . They also belong to mixed-anion compounds 45 , which are characterized by multiple anion atoms. For example, Sr 3 SnO has two kinds of anion atoms, O 2− and Sn 4− , the latter of which is an unusual negative oxidation state of group-14 elements. The unique crystal and electronic structures of antiperovskites have been investigated also as possible candidates for thermoelectric materials in experimental 46 and theoretical [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] studies. Experimental realization of the carrier control and a high Seebeck coefficient of around 100 µVK −1 together with a metallic resistivity and a relatively low thermal conductivity of around 2 Wm −1 K −1 at room temperature is promising 46 . However, it is still unclear whether their characteristic electronic structure including the Dirac dispersion is favorable for thermoelectric performance and how to enhance their performance. Because of their unique characteristics, it is expected that investigation on the thermoelectric properties of antiperovskites will provide novel and important knowledge that will expand the possibility for further findings of high-performance thermoelectric materials.
In this paper, we perform a comparative study on thermoelectric performance of antiperovskite oxides Ae 3 T tO and nitrides Ae 3 P nN (Ae = Ca, Sr, Ba; T t = Ge, Sn, Pb; P n = As, Sb, Bi) by means of first-principles calculation. We find that several kinds of characteristic electronic structure play an important role in enhancing their thermoelectric performance: multiple Dirac cones, quasi-one-dimensional band dispersion, and high valley degeneracy induced by the structural distortion toward the orthorhombic P nma phase. Here, because the crystal structure of the antiperovskite oxides and nitrides exhibits some variations as presented in Tables I and II, we investigate the effect of the structural change onto their thermoelectric performance. Our study reveals a unique and fertile electronic structure of the antiperovskite oxides and nitrides, which is attracting also as thermoelectric materials, and provides possible promising candidates for high-performance thermoelectric materials.
This paper is organized as follows. Section II presents [64] and that for P n = Ca was taken from Refs. [65, 66] .
II. CALCULATION METHODS
First, we performed the structural optimization using the PBEsol exchange-correlation functional 67 and the projector augmented wave method 68 with the inclusion of the spin-orbit coupling (SOC). For this purpose, we used Vienna ab initio Simulation Package (VASP) [69] [70] [71] [72] . For the P m3m, Imma, P nma, and P 6 3 /mmc space groups, 12×12×12, 10×10×10, 10×6×10, and 12×12×12 k-meshes were used, respectively. Crystal structures of antiperovskites with these space groups are shown in Fig. 1 . A plane-wave cutoff energy of 550 eV was used for all the cases.
After the structural optimization, we performed firstprinciples band-structure calculation using WIEN2k code 73 . We employed the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential 74, 75 to obtain a reliable size of the band gap. In self-consistent-field (SCF) calculations for the P m3m, Imma, P nma, and P 6 3 /mmc space groups, 12×12×12, 10×10×10, 8×6×8, and 10×10×10 k-meshes were used, respectively. For calculating DOS, we took 54×54×54 and 38×27×38 k-meshes for the P m3m and P nma space groups, respectively. We used a relatively high value of the RK max parameter, 10, since Wannier functions in a high energy region were extracted as mentioned below. SOC was included unless noted.
From the calculated band structures, we extracted the Wannier functions of the Ae-d, T t(P n)-p, and O(N)p orbitals using the Wien2Wannier and Wannier90 codes [76] [77] [78] [79] . We did not perform the maximal localization procedure for the Wannier functions to prevent orbital mixing among the different spin components. For the P m3m, Imma, P nma, and P 6 3 /mmc space groups, we used 16×16×16, 12×12×12, 12×8×12, and 10×10×10 kmeshes, respectively, for constructing the Wannier functions. Then, we constructed the tight-binding model with the obtained hopping parameters among the Wannier functions. We analyzed the transport properties using this model with the Boltzmann transport theory. The transport coefficients K ν are represented as follows:
with the Fermi-Dirac distribution function f 0 , chemical potential µ(T ), energy ǫ n,k and group velocity v n,k of the one-electron orbital on the n-th band at the k-point k and the relaxation time τ , which was assumed to be constant in this study. By using K ν , the electrical conductivity σ, Seebeck coefficient S, and electrical thermal conductivity κ el are expressed as follows:
where e (> 0) is the elementary charge. The power factor PF = σS 2 and the dimensionless figure of merit ZT = σS 2 T κ −1 were also calculated using these quantities. We assumed that the thermal conductivity κ can be represented as the sum of the electrical thermal conductivity κ el and the lattice electrical thermal conductivity κ lat , namely, κ = κ el + κ lat . In our study, τ and κ lat were assumed to be 10 −14 second and 2 Wm −1 K −1 , respectively, which are typical values for thermoelectric materials. In fact, the thermal conductivity of Ca 3 SnO was reported to be around 2 Wm −1 K −1 at room temperature 46 . The relaxation time and the lattice thermal conductivity are generally different among materials, and so their theoretical evaluation based on phonon calculation is an important future issue. In this study, we concentrated on how favorable the electronic band structure of candidate materials is.
To simulate the carrier doping, we adopted the rigid band approximation. We only considered the hole carrier doping, which was realized in experiments for some antiperovskite oxides 35, 46 . We employed a fine k-mesh up to 900×900×900 for calculating the transport properties with sufficient convergence.
III. RESULTS AND DISCUSSIONS
A. Oxides Ae3T tO with the cubic structure
In this section, we investigated the electronic structure and the transport properties of the antiperovskite oxides Ae 3 T tO (Ae = Ca, Sr, Ba; T t = Ge, Sn, Pb), assuming the cubic structure with a space group P m3m for all the compounds. Because some oxides have a distorted crystal structure as shown in Table I , we shall see the effect of the structural (orthorhombic) distortion on thermoelectric performance in Sec. III C.
Band structures
Figure 2 presents a calculated band structure and partial DOS (pDOS) of Ba 3 PbO with the cubic structure (space group: P m3m) as a typical member of the antiperovskite oxides. Black broken and red solid lines in the band structure represent the band structures obtained with the first-principles calculation and the tightbinding model for the Wannier functions, respectively. As is clearly seen, the band structure calculated with the tight-binding model well reproduces the first-principles one near the Fermi energy, which validates our approach using the tight-binding model to evaluate the transport properties. It is characteristics that the valence and conduction bands near the Fermi energy mainly consist of the T t(Pb)-p and Ae(Ba)-d orbitals, respectively 35 . In other words, a peculiar valence state T t 4− is realized here. Another characteristic is the existence of the Dirac cones near the Fermi energy, which exhibits six-fold degeneracy in the Brillouin zone by crystal symmetry. Figure 3 presents the band structures of various antiperovskite oxides, which shows that the existence of the band gap and the Dirac cones depends on the constituent elements. The atomic replacement of T t = Ge→Sn→Pb naturally leads to reduction of the band gap for Ae = Ca and Sr, owing to an upward shift of the valence band dispersion mainly consisting of the T t-atomic orbitals. This atomic replacement also enhances SOC, the effect of which shall be investigated later in this paper. Here, we only point out that the valence band splitting at the Γ point induced by SOC becomes larger by this atomic replacement as shown in Fig. 3 .
Quasi-one-dimensionality of the valence-top band structure of some materials is noteworthy. For example, the valence-top band structure of Ca 3 GeO shown in Fig. 3 (a) consists of two nearly degenerate band dispersion with a heavy effective mass and the other one with a much lighter mass along the Γ-X line. This feature corresponds with the fact that there are three quasi-onedimensional band dispersion that are mobile along one of the x, y, and z directions, respectively. Such a quasi-onedimensionality originates from the anisotropy of the T t-p orbitals. Because low-dimensionality is desirable for high thermoelectric performance [26] [27] [28] [29] owing to its large DOS near the band edge together with a sizable group velocity to a specific direction, the quasi-one-dimensionality in antiperovskites can be an advantageous feature for thermoelectric performance. We also note that, in real one-dimensional systems, technological applications are not straightforward because they require high orientation of samples, without which the conductivity is easily lost. Low-dimensionality owing to the anisotropy of the electron wave function realized in rather isotropic crystal structure, like our target materials here, is favorable from this perspective [80] [81] [82] [83] because the conductivity is expected to be kept without very high orientation of samples. Figure 4 presents the calculated ZT values of the antiperovskite oxides with the cubic (P m3m) structure. Broken lines in the figure correspond to materials that have yet to be synthesized in the structure with the P m3m space group. The hole carrier concentration was optimized for each point, and so depends on temperature in this plot.
Thermoelectric performance
In the high-temperature region, Ca 3 GeO yields the highest ZT , where the quasi-one-dimensional band structure together with a finite band gap is realized as shown in Fig. 3(a) . This result seems to be natural because of the superiority of the low-dimensional electronic structure for thermoelectric performance as described in the previous section. In addition, the band gap prevents cancellation of the contribution from the electron and hole carriers in the transport coefficient K 1 , Eq. (1), appearing in the Seebeck coefficient, Eq. (2).
On the other hand, in the low-temperature region, it is rather counterintuitive that Ba 3 PbO yields the highest ZT . In its band structure shown in Fig. 3 (i), there are Dirac cones at the Fermi energy without the gap. As mentioned in the previous paragraph, the band disper- T t = Ge, Sn, Pb) with the cubic structure (space group: P m3m) with respect to temperature. Broken lines correspond to materials that have yet to be synthesized in the structure with the P m3m space group. The hole carrier concentration was optimized for each point. sion without the gap is generally not favorable for thermoelectric performance because of the cancellation of the electron-and hole-carrier transport. In the next section, we investigate the way how the Dirac cones in Ba 3 PbO result in the high thermoelectric performance.
How do the Dirac cones in Ba3PbO enhance the thermoelectric performance?
To begin with, we investigated the effect of SOC on the thermoelectric performance. Figure 5 presents the calculated band structure of Ba 3 PbO without the inclusion of SOC. Although the Dirac cones are preserved along the Γ-X line, the system becomes metallic (i.e. a finite-size Fermi surface takes place) without SOC as seen in the band dispersion along the Γ-R line. Metallic electronic structure is clearly unfavorable for thermoelectric performance. In fact, the maximum value of ZT with respect to the hole carrier concentration is 0.04 for T = 300 K when SOC is switched off, which is only half of ZT = 0.08 when SOC is included in calculation. Therefore, SOC is one of the indispensable factors for high thermoelectric performance of Ba 3 PbO.
To obtain more insight, we compared several transport quantities for three cases: Ba 3 PbO, Sr 3 PbO, and Ca 3 GeO. From here on, we again included SOC in the calculations. Among these three compounds, Ba 3 PbO and Sr 3 PbO have Dirac cones while Ca 3 GeO is an insulator with a gap as shown in Fig. 3 (a)(f)(i). The Dirac cones without the gap allows the cancellation of the electron and hole carrier contribution for the Seebeck coefficient S when the carrier concentration is low, which was verified by our calculation results at 300 K as shown in Fig. 6 . However, we also notice that the Seebeck coefficient becomes comparable for these three materials when the chemical potential is sufficiently far from µ = 0, and ZT and PF reach their maximum values in such a region. In fact, even for Ba 3 PbO and Sr 3 PbO, the Seebeck coefficient can exceed 100 µVK −1 . This is one of the reasons why the relatively large values of ZT and PF can be achieved for the non-gap band dispersion for these materials. We note that, at high temperatures, the cancellation of the electron and hole carrier contribution occurs for wider carrier concentration, and so ZT of Ba 3 PbO with the non-gapped Dirac cones is in fact much lower than that of Ca 3 GeO with the gapped band structure as we have seen in Fig. 4 .
By looking into the electrical conductivity σ and the Seebeck coefficient S shown in Fig. 6 , a superiority of Ba 3 PbO among the three materials can be seen for its high electrical conductivity. A key characteristic of its band structure around µ = −0.08 eV, where ZT and PF are maximized, is the high valley degeneracy. First, the Dirac cones have six-fold degeneracy by the crystal symmetry. In addition, the valence-top band structure around the Γ and R points can enhance the thermoelectric performance by temperature broadening (see Fig. 3(i) ). On the other hand, the band structure without the Dirac cones as in Ca 3 GeO has no valley degeneracy since there is no other k-points that are equivalent to the Γ point where the valence-band top resides. We note that, in Sr 3 PbO, the R valley is too deep to enhance the thermoelectric performance while the Γ point can play a role, which is an important difference between Sr 3 PbO and Ba 3 PbO. It has been established that the multi-valley band structure is favorable for high thermoelectric performance 25 . Therefore, the high valley degeneracy is an important advantage of Ba 3 PbO. It is also interesting that the valence-band top at the Γ point for Ba 3 PbO has a pudding-mold-shape 33 , which can enhance DOS near the band edge. This is another outcome of the large band deformation near the Fermi energy induced by SOC.
Before proceeding to the next section, we point out two issues regarding thermoelectric performance of the Dirac cone. First, one should pay attention to the applicability of the Boltzmann transport theory with the constant-relaxation-time approximation because it cannot appropriately deal with the inter-band scattering effects, which can affect thermoelectric properties of the systems where the bipolar effects are important such as those possessing the Dirac cone 84 . In our case, the chemical potential becomes sufficiently deep (∼ −0.1 eV) from the Dirac points at room temperature. Therefore, we expect that the inter-band scattering is not so dominant for our calculated results compared with the case when the chemical potential lies near the Dirac point, at least if the scattering strength is not so strong that the inter-band scattering becomes very active. Second, we point out that a possible long relaxation time is another advantage of the Dirac cones. This feature is naturally expected because a small DOS such as for the Dirac cone generally reduces the number of possible electron scattering processes and then yields a long relaxation time. However, these points regarding the scattering processes need further investigation and so are important future issues. Next, we move on to the antiperovskite nitrides with a chemical formula Ae 3 P nN (Ae = Ca, Sr, Ba; P n = As, Sb, Bi). In the same manner as the previous section, we assumed the cubic structure with a space group P m3m for all the compounds in this section. We shall see thermoelectric performance of these materials with other crystal symmetries in Sec. III C. Figure 7 presents the whole band structure and pDOS of Sr 3 SbN as a typical member of antiperovskite nitrides Ae 3 P nN. The most striking difference from oxides is that the valence-top band structure mainly consists of nitrogens, which holds also for other nitrides investigated in this study. This is because nitrogen atomic orbitals have shallower energy levels than oxygen atomic orbitals. In addition, P n atomic orbitals have deeper energy levels than T t atomic orbitals in the same period.
Band structures
As a result, the band structures of the antiperovskite nitrides shown in Fig. 8 have different features from oxides. First of all, unlike the oxides, all the nitrides have a band gap. Therefore, there is no chance that the Dirac cones appear at the Fermi energy. On the other hand, we can recognize the low dimensionality of the valence-top band structure similar to that seen in Fig. 3(a) . This observation corresponds to the fact that the three p orbitals of nitrogens have anisotropy (quasi-one-dimensionality) for its conduction. We shall see this point in more detail in the next section. 
Thermoelectric performance
Calculated ZT values of the antiperovskite nitrides are shown in Fig. 9 . Because of the low-dimensionality and a sufficiently large band gap, calculated ZT for nitrides are relatively high. However, we note that, materials with high ZT values are not stable as the cubic structure. If one restricts the target materials to those existing as the cubic structure in experiment, which are shown with solid lines in Fig. 9 , the maximum ZT value at 300 K is 0.08 for Sr 3 SbN, which is comparable to that of Ba 3 PbO, 0.08. Even under this restriction, at high temperatures, the estimated ZT values of some nitrides such as Sr 3 SbN and Ca 3 AsN exceed those of all the oxides calculated in this study.
Why do the crystal structures that are unstable as the cubic structure exhibit high ZT values in calculation? A key is the correlation between the strong quasione-dimensionality of the band structures of Sr 3 AsN and Ba 3 P nN (P n = As, Sb, Bi) and their high ZT values shown in Fig. 9 . In other words, as shown in Fig. 8(d) (g)(h)(i), the ratio of the effective masses of the heavy and light band dispersions along the Γ-X line looks large for these compounds with high ZT values.
To see why these materials exhibit the strong quasione-dimensionality, we calculated band structures of Ca 3 AsN and Ba 3 AsN using our tight-binding model from which the As orbitals were excluded. In other words, the tight-binding Hamiltonian consisting only of the Ae and N orbitals was solved here. Obtained band structures are shown with red solid lines in Fig. 10 and compared with the original band structures shown with black dotted lines. While the valence-top band structure of Ba 3 AsN shown in Fig. 10(b) is almost unaffected by neglecting the As orbitals, we found that the low-dimensionality of the nitrogen bands in Ca 3 AsN is much degraded by hybridization with the As orbitals as shown in Fig. 10(a) . This difference can be naturally understood because, in Ba 3 AsN, the Ba ionic radius may be too large to keep the As-N distance short enough to hybridize, which preserves the low-dimensionality of the nitrogen orbitals. Therefore, this strong low-dimensionality is in accord with the instability of the crystal structure. In general, the FIG. 11: Total energies of the P nma and P 63/mmc phases relative to that of the P m3m for Ae3P nN (Ae = Ca, Sr, Ba; P n = As, Sb, Bi). Materials where P m3m is the most stable in our calculation (see the main text for more detail) are shaded by color.
structural instability might enhance the anharmonicity of phonons, which often reduces the lattice thermal conductivity and then enhances ZT . It is interesting that the structural instability and the improvement of the electronic band structure, both of which might be favorable for ZT , can occur simultaneously in the antiperovskite nitrides. We note that this expectation should be checked carefully because there are other factors that involve with ZT such as a change in the electron relaxation time by increasing the structural instability. First-principles evaluation of these quantities is an interesting future issue.
C. Thermoelectric performance with the orthorhombic and hexagonal structures
In this section, we investigated thermoelectric performance of the antiperovskite oxides and nitrides with the orthorhombic and hexagonal structures. For this purpose, we first evaluated which structure among the experimentally observed space groups is the most stable for each nitride because some nitrides have yet to be synthesized in experiment, unlike the oxides. After that, we discussed the effect of the structural change from the cubic structure on thermoelectric performance. Temperature dependence of ZT for the most promising candidates we found are also presented.
Stability of the P m3m phase
We investigated the structural stability of the P m3m phase for the nitrides, by comparing its total energy with that of the P nma and P 6 3 /mmc phases. Figure 11 presents the total energies of the P nma and P 6 3 /mmc phases, relative to that of the P m3m phase, for the antiperovskite nitrides. Because P nma is a subgroup of P m3m, the zero relative energy of the former to the latter means that the crystal structure becomes P m3m in calculation even when one allows the crystal distortion that can take place for the P nma space group. To be more precise, when the total energy difference of these two phases is less than 0.1 meV f.u. −1 , we regarded the crystal structure of the P nma phase falls into the P m3m phase. Materials with the P m3m phase as the most stable structure are shaded by color in the figure. We note that, because P nma is a subgroup of Imma, we need not to calculate the total energy of the Imma phase for discussing the stability of the cubic structure. In addition, we have verified that the optimized crystal structures for AeAsN 3 and BaSbN 3 no longer have the full Imma symmetry, i.e., the crystal structure seems to fall into the P nma phase for these compounds.
Our results presented in Fig. 11 show surprisingly good agreement with the experimental observation listed in Table II , with respect to the most stable structure of each compound. In addition, the experimental observation that Ca 3 AsN becomes P m3m at high temperature is also consistent with a small energy difference between the P nma and P m3m phases in our calculation. It is characteristic that the P m3m phase in all the Ae = Ba compounds is much unstable than the P 6 3 /mmc phase. We found that the unsynthesized Sr 3 AsN and Ba 3 AsN are likely to be the P nma and P 6 3 /mmc phases, respectively. Here, we note that the instability of Sr 3 AsN as the P m3m phase seems to be a subtle issue for firstprinciples calculation since a recent phonon calculation 59 shows that this compound is stable as the P m3m phase by using the GGA-PBE functional 85 without SOC, which is different from ours.
We next investigated thermoelectric performance of materials with the hexagonal and orthorhombic structures. On the basis of the above calculation results shown in Fig. 11 for nitrides and the experimental observation shown in Table I for oxides, we focused on materials that are stable in these structures rather than as the cubic phase. 2. Hexagonal structure Figure 12 presents the band structure of Ba 3 BiN with the hexagonal structure (space group: P 6 3 /mmc). Compared with that for the cubic structure as shown in Fig. 8 (i), this band structure does not seem to be favorable for thermoelectric performance because of the weakened anisotropy of the band dispersion near the valenceband top. As a matter of fact, the maximum value of ZT at 300 K is around 0.07 for the a and b directions and 0.05 for the c direction, which are less than a half of the ZT value for the cubic structure, 0.16. As shown in Table III, the situation is similar to Ba 3 AsN and Ba 3 SbN, for which the hexagonal structure was the most stable in our calculation presented in the previous section.
Whereas the electronic band structure is unfavorable for thermoelectric performance, a possible rattling motion 13,15-22 of the P n atoms, which can reduce the lattice thermal conductivity and thus increase ZT , is intriguing in the hexagonal phase 86 .
Orthorhombic structures
Tables IV and V present the calculated ZT values for the orthorhombic (Imma and P nma, respectively) structures at 300 K, compared with those for the cubic Calculated ZT values of the cubic (P m3m) and orthorhombic (P nma) structures at 300 K. Calculation results are only shown for materials for which the P nma structure was experimentally reported or predicted to be stable by our calculation as presented in Fig. 11 . While the hexagonal structure was the most stable in our calculation for Ba3AsN, ZT values in the P nma phase are also shown for this compound because the total energies of the orthorhombic and hexagonal structures were comparable in Fig. 11 . Hole carrier concentration was optimized for each condition. (P m3m) structure. Overall, the calculated ZT values are similar between the cubic and orthorhombic phases for each compound. However, we can see a notable increase in ZT by introducing the orthorhombic distortion for two materials: ZT increases from 0.06 in P m3m to 0.18 (a axis), 0.20 (b axis), and 0.26 (c axis) in P nma for Ba 3 GeO, and from 0.12 in P m3m to 0.18 (a axis), 0.20 (b axis), and 0.16 (c axis) in P nma for Sr 3 AsN. We then focused on these two materials in the following analysis. While Ba 3 AsN also exhibits large ZT values in the P nma phase, these values are similar to that in the cubic phase, and in addition, the total energy of the P nma phase is higher than that in the hexagonal phase as shown in Fig. 11 . If synthesized in the P nma phase, Ba 3 AsN can also be a promising thermoelectric material. In Ba 3 GeO with the P nma phase, the structure of which is shown in Fig. 1(c) , optimized lattice constants are a = 7.609, b = 10.697, and c = 7.481Å. The strength of the lattice distortion from the cubic lattice can be evaluated from the ratios b( √ 2c) −1 = 101.1% and ac −1 = 101.7%, both of which are 100% for the structure without the orthorhombic distortion because the P nma phase has a √ 2 × √ 2 × 2-times enlarged unit cell compared with that for the P m3m phase. These structural parameters are roughly consistent with the experimental values measured at 296 K 61 , a = 7.591(1), b = 10.728(1), c = 7.551(1)Å, b( √ 2c) −1 = 100.5% and ac −1 = 100.5%. The average bonding angle of O-Ba-O is 155.0 • in our calculation and 158.4 • in the experiment, which also show good agreement. Figure 13 (a) presents the band structure of Ba 3 GeO in the P nma phase. The most important change from that in the P m3m phase shown in Fig. 3(g) is the gap opening, which is an important reason for the strong enhancement in ZT . In addition, we can see an approximate but high valley degeneracy near the valence-band top in Fig. 13(a) , which should be another cause of the high performance through the resulting large DOS. A possibly related feature for the high valley degeneracy can be found in the P m3m phase: the energy level of the valley at the R point is relatively close to that at the Γ point as shown in Fig. 3(g) . We note that the R point in the P m3m phase is folded into the Γ point in the P nma phase. We can also notice that the quasi-one-dimensionality of the valence band structure in the P m3m phase, which seems comparable to that for Ca 3 GeO, likely plays an important role for the high ZT of Ba 3 GeO in the P nma phase. Figure. 13(b) presents the calculated DOS of Sr 3 AsN in the P m3m and P nma phases. While both phases have a gapped band structure, DOS near the valence-band top is again enhanced by the structural distortion, which is likely to be an origin of the high ZT . Because the overall shape of DOS is similar between these two phases, the increase in ZT for Sr 3 AsN is moderate compared with Ba 3 GeO.
We also calculated the temperature dependence of ZT for Ba 3 GeO and Sr 3 AsN in the P m3m and P nma phases, as shown in Fig. 14. The resulting ZT in the P nma phase for each compound is comparable to the highest value in the P m3m phase shown in Fig. 9 , which was, however, obtained for Ba 3 P nN where in reality the hexagonal phase is likely realized. In this sense, Ba 3 GeO and Sr 3 AsN with the P nma phase are the most promising candidates investigated in this study. While there is a direction dependence of ZT to some extent for both compounds in the P nma phase as shown in Fig. 14, the high ZT along all the directions is advantageous for technological applications.
IV. CONCLUSION
We have investigated the thermoelectric performance of the hole-doped antiperovskite oxides and nitrides by means of first-principles band structure calculation and the subsequent transport calculation based on the Boltzmann transport theory. For the cubic P m3m phase, we have found that Ba 3 PbO at low temperatures (around room temperature), Ca 3 GeO at high temperatures, and Sr 3 SbN in the wide temperature region are promising candidates for high thermoelectric performance. In Ba 3 PbO, multiple Dirac cones with six-fold degeneracy and the existence of the other valleys near the Γ and R points with relatively close energy levels enhance ZT . In Ca 3 GeO and Sr 3 SbN, quasi-one-dimensional band dispersion originating from the orbital anisotropy of the p orbitals is a key for their high performance. When considering the other crystal structures, the hexagonal structure is not favorable at least from the perspective of the shape of the band dispersion. However, the orthorhombic distortion toward the P nma phase sizably enhances the thermoelectric performance of Ba 3 GeO and Sr 3 AsN, which are the most promising candidates within the materials investigated in this study. For both compounds, a crucial consequence of the structural distortion is the high valley degeneracy, which is considered to enhance their thermoelectric performance. For Ba 3 GeO, another important role of the structural distortion is the gap opening. Another promising candidate is Ba 3 AsN if synthesized as the P nma phase, which is slightly unstable compared with the hexagonal phase in our calculation. Our study will help and stimulate the experimental exploration of the high thermoelectric performance in antiperovskites oxides and nitrides, which offer a unique and fertile playground where various kinds of characteristic electronic structure take place.
